• Expression of RUNX1a, an isoform of RUNX1, enhances blood cell production from human pluripotent stem cells.
Introduction
Human embryonic stem cells (hESCs) and induced pluripotent stem cells (iPSCs) are pluripotent stem cells (PSCs), which can differentiate into nearly all types of cells and have self-renewal ability. Recent advancements in hESC and iPSC production have revolutionized their potential applications in regenerative medicine. [1] [2] [3] [4] [5] Many patients with blood disorders can be treated or even cured with hematopoietic stem cell (HSC) transplantation.
In humans and mice, 3 RUNX genes have been identified, and all have been shown to play important roles in normal and cancer development. [6] [7] [8] They, as the a subunit of the core binding factor (CBF) complex, share a high degree of homology in the runt homology domain, a homolog of the Drosophila runt protein, which is critical for both DNA binding and heterodimerization with CBFb. 9, 10 Furthermore, their expression patterns are highly regulated temporally and spatially during embryogenesis. RUNX1 (also known as AML1, CBFA2, or PEBP2aB) is essential for the establishment of the definitive hematopoietic system during embryogenesis 6, 7, 11 and is involved in the most frequent chromosomal translocation associated with human leukemia. 10 It has been shown that mouse Runx1 2/2 ESCs are defective in hematopoietic differentiation in mice. This hematopoietic defect can be rescued by reexpression of Runx1 in a transcriptional activation domaindependent manner. 12, 13 In the mouse embryo, Runx1 is expressed in all sites from which hematopoietic cells emerge. All the sources of definitive HSCs in the embryo express Runx1, which appears to regulate the specification of definitive HSCs in developing mouse embryos. It has been demonstrated that intraaortic hematopoietic clusters associated with the hemogenic endothelium, from which definitive HSCs emerge, are absent in Runx1 2/2 embryos. 14 The observation that Runx1 is expressed in endothelial cells prior to the onset of definitive hematopoiesis supports the widely accepted hypothesis that blood cells develop from a "hemogenic endothelium." 15 The human RUNX1 gene has 12 exons, and its expression is controlled by 2 promoters that generate >12 different RUNX1 mRNA isoforms and 3 main protein isoforms. [16] [17] [18] P1 and P2 promoters regulate expression of isoforms RUNX1c and RUNX1b, respectively. RUNX1b and RUNX1c both possess the DNA-binding region at the amino terminus and transcriptional regulatory domains at the carboxyl terminus. They are broadly considered similar in function, although RUNX1c has 27 extra amino acids at the amino terminus. Like RUNX1b, isoform RUNX1a is also regulated by the P2 promoter. However, RUNX1a retains the DNA-binding domain but lacks the transcriptional regulatory domains because of the alternative splicing. It has been reported that RUNX1 isoforms do not show any discernible functional difference in mouse hematopoietic stem/progenitor cells (HSPCs), 18 and knockdown of RUNX1c does The online version of this article contains a data supplement.
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not affect normal hematopoietic development. 19 However, enforced expression of RUNX1a in murine hematopoietic cells enhances engraftment after transplantation into mice, whereas RUNX1b/c does not, 20 suggesting a critical role for RUNX1a in stem/progenitor cell expansion. These observations prompt the idea that RUNX1a may play a distinct role during hematopoiesis. In this report, we investigate the function of RUNX1a on hematopoietic cell commitment, expansion, and differentiation and aim to provide evidence demonstrating that expression of RUNX1a facilitates hematopoietic lineage commitment of hPSCs.
Methods
Refer to the supplemental Methods (on the Blood website) for additional details.
Long-term culture assays
M2-10B4 cells were treated with mitomycin C before plating on gelatincoated 24-well plates at 1 3 10 5 to 2 3 10 5 cells per well. 21 Cells were allowed to adhere overnight before adding umbilical cord blood-or hESC-derived hematopoietic progenitor cells (HPCs). For bulk culture, 5 3 10 3 CD34 1 umbilical cord blood-or 1 3 10 4 hESC-derived cells were plated on top of mitotically inactivated M2-10B4 cells in 1 mL per well Myelocult H5100 media (StemCell Technologies) containing 1 mM hydrocortisone (Sigma). 22 Cells were fed with fresh medium by half medium changes every 7 days. At the indicated time points, cells were harvested via collection of nonadherent cells and dissociation of the adherent cell layer with 0.05% trypsin. The nonadherent and adherent cells were combined and passed through a 70-mm filter (BD Biosciences) to remove clumps. After counting, cells were subjected to a hematopoietic colony forming cell (CFC) assay. Photos were taken by Nikon ECLIPSE TS100 microscope. For comparison of long-term culture-initiating cell (LTC-IC) frequency from CD34
1 CD45 1 cells cultured on feeder layers,
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1 hESC-derived cells were plated in limiting dilutions (semilog dilution from 300 to 3 cells per well) in flat-bottom 96-well plates with a confluent monolayer of M2-10B4. Cells were cultured in the same media/ incubation conditions as described above for bulk LTC-IC condition culture and were similarly provided with fresh media every 7 days. 23 In parallel, quantitative reverse transcription-polymerase chain reaction (qRT-PCR) analyses were performed to detect the human RUNX1a transcript in mouse bone marrow.
Results
Expression of endogenous RUNX1 is increased during spin embryoid body hematopoietic differentiation
We first examined whether expression of RUNX1 correlates with human embryoid body (hEB) development toward hematopoietic cells. To determine expression of endogenous RUNX1 isoforms throughout hESC differentiation and hEB development, we performed qRT-PCR analysis at various stages of EB development. Because RUNX1a and RUNX1b/c differ only in the C terminus, we used primer sets specific to the C terminus of either RUNX1a or RUNX1b/c in our qRT-PCR analysis to ensure target specificity. To this aim, H9 (hESC) and iCB5 (hiPSC) cells were analyzed. Both RUNX1 isoforms were barely detectable in undifferentiated ES cells and were strongly increased in parallel with EB development in both cells ( Figure 1A-B) . RUNX1a represents a fairly small portion of the total RUNX1 transcripts during EB development (supplemental Figure 1) . Meanwhile, expression of 2 common pluripotency markers, OCT4 and NANOG, showed an opposite trend in H9 cells ( Figure 1C ), suggesting that steadily up-regulated expression of RUNX1 isoforms during EB development may play important roles during differentiation. This observation was further supported when we checked expression levels of several cell surface antigens related to definitive hematopoiesis, including CD31, CD34, CD43, and CD45 ( Figure 1D ). The increased expression of RUNX1 and these markers are parallel during EB development. These findings are in agreement with previous reports, 11, 15 which suggested that expression of RUNX1 correlates well with the establishment of definitive hematopoiesis and may function during further hematopoietic events.
Enforced expression of RUNX1a regulates hPSC pluripotency and differentiation
It has been reported that RUNX1a potentiates but RUNX1b abrogates mouse hematopoietic stem/progenitor cell engraftment and expansion. 18, 20 Based on the robust increase of RUNX1a expression during hPSC hematopoietic differentiation ( Figure 1 ) and the different effects of RUNX1a and RUNX1b in mouse hematopoietic stem cells, we hypothesized that RUNX1a may enhance hematopoietic cell formation and expansion from hPSCs and that RUNX1a may be a useful tool for generation of more blood cells from hPSCs for therapeutic use. To test this hypothesis, we sought to enforce the expression of RUNX1a in both hESCs (H9) and hiPSCs (BC1 or iCB5). We first subcloned human RUNX1a cDNA into a lentiviral vector containing puromycin resistance and enhanced green fluorescent protein genes ( Figure 2A ). After lentiviral transduction and drug selection, infection was confirmed by checking green fluorescent protein expression in EBs by fluorescent microscopy BLOOD, 11 APRIL 2013 x VOLUME 121, NUMBER 15 RUNX1a ENHANCES BLOOD CELL PRODUCTION FROM hPSCs 2883
For personal use only. on April 19, 2017 . by guest www.bloodjournal.org From (supplemental Figure 2) . Furthermore, expression of RUNX1a was validated at both transcript ( Figure 2B ; supplemental Figure 3 ) and protein ( Figure 2C ; supplemental Figure 3B ) levels with qRT-PCR and western blot, respectively. We performed spin EB hematopoietic differentiation after virus infection and puromycin resistance selection for 2 days. During EB differentiation, emergence of a sac structure predicts cell lineage commitment and germ layer development. 24, 25 As shown in Figure 2D , in RUNX1a-overexpressed H9 hESC-derived EBs, we consistently observed the appearance of typical sac structures at stages as early as EB day 5 and more obvious at EB day 11 in several independent experiments. Although formation of sac structure in control cells was also observed, it arose at a much later stage and with lower frequency ( Figure 2E ). Similarly, we also saw more EBs with typical and visible hematoendothelial structure in RUNX1a-derived cells (supplemental Figure 4A ). At day 5, this semiadherent structure appeared within or on the edge of RUNX1a EBs; at day 11, we started to see nonadherent cells appearing in culture ( Figure 2D ). Similar effects of RUNX1a on EB differentiation of hiPSCs (BC1 or iCB5) were also observed (supplemental Figure 3C) . Interestingly, at day 13, .90% of these nonadherent cells were CD34 
CD45
2 hemogenic endothelium. 26, 27 To address whether RUNX1a expression enhances hemato-endothelial precursor formation, H9 EBs expressing RUNX1a were subjected to immunostaining. Expression of CD34 and CD31 was clearly detected at day 6 of EB differentiation ( Figure 3A) . With FACS analysis, we observed a significantly higher percentage of CD31 1 CD34 1 or total CD34 1 cells in RUNX1a EBs than that in control EBs at day 7 ( Figure  3B -C). In agreement with this finding, we observed enrichment of the CD31 1 CD34 1 population in EBs derived from RUNX1a iCB5 cells (data not shown). In addition, we also checked whether RUNX1a affected expression of transcription factors critical for mesoderm development and hematopoiesis, including Brachyury, KDR, SCL, GATA2, and PU.1, in EBs at different time points. For mesoderm differentiation-related factors, expression of Brachyury and KDR was up-regulated in the presence of RUNX1a (supplemental Figure 5 ). For hematopoietic differentiation-related factors, expression of SCL, GATA2, and PU.1 showed a two-to fivefold increase in hESCs on RUNX1a expression (supplemental Figure 6 , day 0). As differentiation progressed, the increase of PU.1 expression in RUNX1a cells stayed steady. However, the relative expressions of transcription factors GATA2 and SCL were clearly enhanced (supplemental Figure 6) . Collectively, our gene expression analysis suggests that RUNX1a not only pushed the lineage commitment of mesoderm but also specifically enhanced the hemogenic differentiation.
To further prove that RUNX1a enhanced hemogenic endothelial commitment during hPSC differentiation, we sorted CD31
2 cells and assayed for the emergence of cells with both endothelial and hematopoietic potentials. As expected, these cells gave rise to endothelial morphology and phenotype when cultured under endothelial condition. Further analysis demonstrated that these cells expressed von Willebrand factor and were able to uptake acetylated LDL (supplemental Figure 7A-C) . Likewise, when cultured under hematopoietic differentiation conditions, these cells differentiated into CD45 1 hematopoietic cells (supplemental Figure 7D) . Our results asserted that endothelial and hematopoietic bi-potentiality can be attributed to a population of CD31
Enforced expression of RUNX1a augmented hematopoietic progenitor cells from pluripotent stem cells
We next addressed whether the enforced expression of RUNX1a increased hematopoietic specification of hPSCs. Differentiated EBs derived from vector or RUNX1a-transduced H9 cells were analyzed for expression of CD34, CD43, and CD45 (surface markers for HPCs) at days 9, 11, and 13 by flow cytometry. At day 9, we demonstrated significantly higher CD43 were also increased (supplemental Figure 8) . Importantly, we found the same enrichment of HPCs in hiPSCs (iCB5 and BC1) expressing RUNX1a (supplemental Figure 9 ). Taken together, our results clearly indicate that ectopic RUNX1a expression induced a robust increase in the population of hematopoietic stem and progenitor cells. were found in H9 EBs expressing RUNX1a, suggesting that more myeloid progenitors cells were generated in the presence of RUNX1a (supplemental Figure 10 ).
Enforced expression of RUNX1a in hPSCs expands the hematopoietic cells that have the ability to differentiate into multilineage cells
To investigate the function of RUNX1a-expressing hematopoietic cells derived from hPSCs, we expanded them in cytokine-driven ex vivo culture conditions. In contrast to control CD34 1 CD45 1 cells, RUNX1a-expressing CD34 1 CD45 1 cells expanded with significantly higher efficiency within 7 days of ex vivo expansion ( Figure 5A ; supplemental Figure 11A ), indicating the increased ex vivo expansion capacity of RUNX1a-expressing HSPCs derived from hPSCs. The same conclusion was drawn when we subjected CD34 1 CD45 1 cells from RUNX1a-BC1 EBs to colony-forming unit (CFU) and replating assays (supplemental Figure 12) . We also performed Wright-Giemsa staining on progenitor cells from liquid culture on days 3 and 10. Our results suggest that, even with higher Figure 5B ). We also analyzed adult red blood cell development.
RUNX1a-transduced hematopoietic progenitors had a high percentage of CD235a
1 CD45 2 (20%) ( Figure 5C ), suggesting that expression of RUNX1a in HPCs enhanced definitive hematopoiesis. 1 In addition, CD34 1 CD45 1 progenitor cells from H9 day 13
EBs were collected and subjected to CFU assay. The number of CFUs generated from CD34 1 CD45 1 progenitor cells of vector only or RUNX1a-enhanced EBs was quantified ( Figure 5D , left). We observed a significant increase in CFCs with RUNX1a over that without RUNX1a. Further characterization revealed differences in composition of CFU subtypes ( Figure 5D , right). Supplemental Figure 11B shows typical images of CFU subtypes derived from RUNX1a EBs. Notably, we observed much higher percentages of CFU-E, CFU-GEMM, and BFU-E cells from RUNX1a EBs, hinting at the increase of erythropoiesis potential.
To confirm the increased definitive hematopoiesis of RUNX1a EBs, we examined adult b-globin expression in cells collected from the 14-day culture of H9 HPCs in semisolid serum-free media supplemented with erythropoietin. We found that HPC cells from RUNX1a-expressing EBs gave much higher b-globin expression than vector EBs, demonstrated by both flow cytometry and western blot ( Figure 5E ). It is worth noting that, in addition to definitive adult hemoglobin (b-globin), we also observed elevated transcripts of primitive (e-globin and z-globin) and fetal (g-globin) hemoglobins (supplemental Figure 13) . Together, our data demonstrate that RUNX1a positively regulates hematopoiesis specification and blood cell generation from human pluripotent stem cells. Hematopoietic progenitors derived from RUNX1a transduced hESCs have long-term expansion ability through interaction with surrogate niche
The LTC-IC assay serves the purpose of quantification of putative HPSCs in a given population to be cultured for an extended period. 28, 29 To investigate whether RUNX1a contributed to HPC activity, we also cultured hESC-derived HPCs in the presence of stromal cells. Like CD34
1 cells from cord blood, we observed that the RUNX1a-expressing HPCs were expanded through direct interaction with stromal cells in 2 independent experiments ( Figure 6A ). 21 These results indicate that RUNX1a-transduced hESC-derived hematopoietic progenitors possessed long-term expansion ability through interaction with surrogate niche. 22 We also performed limiting dilution assays on 3-or 5-week expanded HPCs to measure their stem cell frequencies. Results from this assay revealed that the frequency of LTC-IC was higher when RUNX1a was present ( Figure 6B ). Moreover, in secondary CFU in culture assays conducted after 3-to 5-week culture under in vitro LTC-IC conditions, we found significant increases in colony numbers in RUNX1a HPCs in 2 independent experiments ( Figure 6C ). The morphology of these colony cells was evaluated by Wright-Giemsa staining. Colonies from RUNX1a HPCs showed multilineage morphologies, including differentiated macrophages, monocytes, neutrophils, and some nucleated erythroid cells ( Figure 6D ). Collectively, these results demonstrate the positive effects of RUNX1a on the potential of hematopoietic stem cell and progenitor function.
Reconstitution of NSG mice engraftment
Last, we performed IBMT to evaluate the hematopoietic engraftment ability of RUNX1a-derived progenitor cells (CD34 1 CD45 1 ).
A total of 15 NSG mice were injected following the IBMT method. Four mice encountered early death (within 2 weeks), possibly because of irradiation and infection. At week 9 after transplantation, human hematopoietic engraftment was evaluated by measuring the percentage of hCD45 1 cells in both injected and contra-injected bone marrow of all surviving recipient mice (n 5 5; Figure 7A ). The high mortality most likely came from pulmonary emboli formation in hESC-derived cells as reported previously, 23 independent of RUNX1a. We also examined the hematopoietic multilineage reconstitution, including myeloid (CD45 Figure 7B ). The success of human chimerism in bone marrow cells taken from injected femurs was confirmed by qRT-PCR using human RUNX1a-specific primers ( Figure 7C ). Our results provide direct evidence that hematopoietic cells derived from RUNX1a HSPCs possess the developmental potential to generate multilineages in vivo.
Discussion
Many experimental results have demonstrated that growth-and environmental factor-induced signal transduction and transcription factor-regulated gene expression are 2 major approaches to control PSC maintenance, expansion, and differentiation. 25, 30, 31 One very elusive cell type that has been proven to be difficult to differentiate and expand from hPSCs is HSCs capable of long-term multilineage engraftment. It has been reported that RUNX1 serves as a master regulator in hematopoiesis and in various blood-related disorders. We and others have reported previously that expression of RUNX1 is hardly detectable in both human and mouse embryonic stem cells but is dramatically increased during hematopoiesis. 1, 32 Interestingly, it has been shown that human cord blood cells expressing lentivirus-transduced RUNX1a contain significantly more LTC-ICs and cobblestone area-forming cells. 20 In addition, overexpression of human RUNX1a in mouse bone marrow progenitor cells can potentiate engraftment ability on competitive transplantation. 20 In this study, we successfully cultured and demonstrated the developmental impact of RUNX1a on human embryonic and hematopoietic development, harnessing the availability of hPSCs as a working model. Therefore, this report provides the first evidence that RUNX1a is a valuable factor to facilitate therapeutic production of human blood cells from both embryonic stem cells and induced pluripotent cells. For personal use only. on April 19, 2017 
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Several studies have demonstrated that hemogenic endothelial (HE) cells are the direct precursors of HSCs. The most compelling evidence comes from tracing hematopoietic cell emergence in the aorta-gonad-mesonephros region of both zebrafish and mouse. 33 During hESC specification, a specific population of hemogenic endothelium cells (CD31
) is involved in both hematopoietic and endothelial development. 23, 34 With a defined spin EB differentiation system, 35 we showed that RUNX1a enhances and highlights the entire process of hematopoietic differentiation of hPSCs and recapitulates the main stages of early hematopoietic development, including (1) mesoderm commitment of hPSCs; (2) specification of HE cells expressing CD31 from the early mesoderm cells; (3) emergence of CD31 20 Our work takes a step further to establish that RUNX1a expression promotes ex vivo expansion of HPCs derived from PSCs and promotes multilineage differentiation and definitive hematopoiesis.
In zebrafish, where the transcriptional regulation of RUNX1 using 2 promoters is conserved, transgenic lines that express fluorescently labeled RUNX1 isoforms specific for each of the 2 promoters show that the distal isoform is expressed in areas where erythromyeloid progenitors arise, whereas the proximal isoform originates where definitive HSCs develop. 36 More recent studies using mouse knockin models to label the expression patterns of the RUNX1 distal and proximal promoters have also shown that the proximal promoter may be important for hemogenic endothelium development, whereas the distal promoter is active in more mature progenitors for the initial development of definitive hematopoietic cells. 19 In human cells, the RUNX1a isoform is driven by the P2 promoter (proximal). We showed that enforced RUNX1a expression pushed the development of hemogenic endothelium ancestors along the embryonic differentiation. However, it remains to be addressed whether promoter selection for RUNX1 gene determines differentiation specificity.
Transcription factor RUNX1 is expressed in the hemangioblast, the multipotent precursor cells that can differentiate into both hematopoietic and endothelial cells, during embryonic development. 37 Although target genes of RUNX1 have been well documented, 38, 39 direct targets critical for the onset of hematopoiesis remain to be identified. Our study on RUNX1a at the onset of definitive hematopoiesis has firmly established its role as a pivotal player in HSC emergence. It will be of great interest to decipher the gene regulatory network of RUNX1a on the initiation of and during hematopoiesis. Information obtained from this genome-wide analysis on RUNX1a function will not only provide an important mechanistic framework of HSC emergence but also benefit future studies on modulating stem cell maintenance and/or de novo generation. Additionally, combinatorial transcriptional control may be crucial in HSPCs. Besides RUNX1, transcription factors HOXB4 and SCL are also known to facilitate hematopoietic specification in ESCs. 27, [40] [41] [42] We showed that the capability for long-term expansion in RUNX1a-expressing HPCs is not as strong as in CD34
1 cord blood cells ex vivo. It has been suggested that multiple transcription factors work together to specify differentiation of progenitors into distinct lineages. [43] [44] [45] More importantly, integrated analysis of 10 key hematopoietic transcriptional regulators, including RUNX1, in hematopoietic progenitor cells also hints at the close collaboration between HSPC-associated transcription factors for determining cell fate. 46 It is therefore reasonable to speculate that RUNX1a may collaborate with other factor(s) for direct programming of hematopoietic differentiation.
In this study, we delivered RUNX1a into hPSCs via lentiviral transduction. One major concern with this approach is that random virus integration may disrupt genome integrity and ultimately enhance oncogenic potential. The use of cell-penetrating transcription factors by direct addition to culture medium has been successfully demonstrated to provide sufficient signals for iPSC generation, 47, 48 therefore presenting an alternative method to evaluate the function of RUNX1a in directing hematopoietic differentiation. It is intriguing to see whether cell-penetrating RUNX1 proteins can safely and efficiently promote blood cell formation from hPSCs.
In summary, we identified that RUNX1a enhances the establishment of definitive HSCs from human PSCs. RUNX1a is also critical for the maintenance, expansion, and multilineage differentiation of these HSCs. Our study not only provides advanced understanding of stem cell biology but also useful tools to enhance the specificity and efficiency of generating functional blood stem cells and other types of blood cells from PSCs through transcription factor gene regulation. Applications of our findings will expedite the future use of human pluripotent stem cells as a therapy for blood disorders.
